Introduction
2,2':6',2''-Terpyridine (terpy) and its derivatives form one of the most important ligand classes in transition metal coordination chemistry. [1] [2] [3] [4] [5] Complexes of terpy itself can have important functionality, including fluorescence 1, 3, 6 and spin-crossover. 7 20 However, terpy derivatives bearing a variety of substituents can also be readily synthesised, 4, 8 which has allowed terpy binding sites to be incorporated into many types of molecular and nanochemical device, [3] [4] [5] [6] 9 supramolecular arrays 2,5,10,11 and metalcontaining polymers 4, 5, 12 and dendrimers. 2,5 25 Complexes of other, analogous tris-azine derivatives have also proved important, especially in supramolecular chemistry and photochemical devices. The incorporation of additional hydrogen-bond acceptor sites into the terpy skeleton can be a useful approach to constructing hydrogen-bonded host:guest 30 complexes. 10, 13 Moreover, nitrogen rich tris-azines are better -acceptors than terpy itself, which can lead to their complexes showing enhanced fluorescence.
14 Finally, derivatives of 2,6-bis-(1,2,4-triazinyl)pyridine have proven to be promising candidates for the solvent extraction of actinide elements. 15 Importantly, 35 however, these tris-azine ligands and complexes have nearly always been prepared with peripheral substituents, most often at the 4-position of the central pyridyl (or other azinyl) ring. [14] [15] [16] That may reflect that common syntheses of tris-azines, such as the Kröhnke or Chichibabin reactions, only work well for 40 products that are substituted at the central heterocyclic ring. 4, 8 We describe here the complex chemistry of a series of trisazine terpyridine analogues L 1 -L 7 (Scheme 1), concentrating on the parent tris-heterocycles lacking any peripheral substituents. Some of these ligands have been synthesised before [17] [18] [19] but we chemistry. Our motivation for this study was two-fold. First, was to investigate the spin-states of their iron and cobalt complexes, as part of our long-standing interest 20, 21 in the crystal engineering of spin-crossover materials. [21] [22] [23] 2 ] 2+ are a well-established class of spin-crossover 5 compound, 7 while iron(II) complexes of some terpy analogue ligands have also been important in spin-crossover research. 21, 24, 25 Second, was to find new functional complexes suitable for doping into a spin-crossover lattice, to produce multifunctional switchable materials. 26-29 10 
Results and Discussion
Ligands L 1 -L 5 (Scheme 1) were prepared by variations of literature methods. For L 1 -L 3 this involved Stille coupling of 2,6-dibromopyridine or 2,6-dichloropyrazine with the relevant (tributylstannyl)azine precursor. 17 Attempts to prepare 2,6-15 di(pyrimidin-2-yl)pyridine 30 and 2,6-di(pyrimidin-2-yl)pyrazine by the same Stille coupling route gave only small quantities of impure products, however. Ligands L 4 and L 5 were constructed in two steps from 2,6-diacetylpyridine and 2,6-dicyanopyridine respectively, using standard procedures for the construction of 20 pyrimidine and 1,2,4-triazine rings from those precursor types. 18 ,19 Notably, we were only able to obtain L 5 in ca. 80 % purity by this method, 19 which made it difficult to obtain its complexes in pure form. The new 4-hydroxypyridyl derivatives L 6 and L 7 were obtained by adapting the published procedure for 25 terpyOH (Scheme 1), 31 using pyrazinylcarboxylate and pyrimidin-2-ylcarboxylate esters as starting materials.
The 30 Recrystallisation of the resultant crude materials from MeNO 2 / Et 2 O yielded dark purple (1a-1g) and red (2a-2g) microcrystalline products in good NMR purity, although several of the compounds retained lattice water or solvent by elemental microanalysis. Unlike the other complexes, pure samples of 1e and 2e were only 35 obtained after several recrystallisations, which may reflect their higher solution lability (see below) and the impure nature of the L 5 ligand used. Since pure 1e and 2e were only available in mg amounts, they were not characterised to the same extent as the other complexes. The complex salts of terpy and terpyOH were 40 also prepared, for comparison with these new compounds.
Single crystal X-ray structures were determined of nitromethane solvates of 1a and 1d, and of unsolvated 2b and 2d. Interestingly the crystals of 1d and 2d are not isostructural, despite having been produced under the same conditions. The 45 expected six-coordinate metal complex centre was observed in each case ( Figs. 1 and 2 ), which all adopt the layered "terpyridine embrace" lattice type 32 in the space group Cc. 26, 29, 33 However, 1a·MeNO 2 and 2b both adopt different 50 versions of the terpyridine embrace structure, in P2 1 /c and P 4 2 1 c respectively. The other two structures adopt different crystal packing modes, with no intermolecular - interactions between the complex cations. The metric parameters imply that 1a and 1d are low-spin at 150 K ( 
110.52(6) N(15)-Co(1)-N (27) 88.45 The Co-N distances, and the distortion indices  and , 21 indicate that 2b and 2d are predominantly low-spin and high-spin 15 at 150 K, respectively (Table 2) . 33 That is consistent with the 25 magnetic susceptibility data for both compounds, which show they are almost fully low-spin (2b) and high-spin (2d) at that temperature (see below). The molecular structure of 2d is notably distorted, with the L 4 ligand N(2)-C(19) being strongly bent; the dihedral angle between the least squares planes of the pyrimidyl 30 rings in this ligand is 19.65(10)º (Fig. 2) . A less distorted, but comparable, conformation is also shown by the other ligand in the molecule. This distortion appears to reflect the positioning of an anion in the lattice, which is in van der Waals contact with the pyrimidyl ring C(14)-C(19) and displaces it from coplanarity with 35 its pyridyl substituent. A similar intermolecular van der Waals contact is also present between the other pyrimidyl ring in this ligand C(8)-C (14) , and a neighbouring complex molecule (Fig.  2) . The distorted molecular structure in 2d may be responsible for its remaining high-spin at low temperatures (see below), since the 40 suppression of spin-crossover by such conformational distortions has been seen before in iron chemistry. 21, 35 X-ray powder diffraction measurements were undertaken on the cobalt complexes (ESI †), to aid interpretion of their magnetic susceptibility data (see below). Solid 2b has good crystallinity, 45 and is isostructural with the single crystals of that compound. Bulk samples of the other cobalt compounds contain differing proportions of crystalline and amorphous material, with the hydroxylated complexes 2f and 2g being predominantly amorphous. Where the peaks were sufficiently resolved, the 50 crystalline components of those samples all appeared to be a single phase; for 2d, the crystalline fraction is again a good match for the single crystal phase of that complex (ESI †).
All the iron complexes are diamagnetic at room temperature, and yield diamagnetic 1 (Fig. 3) . The 15 behaviour of 2a, 2d and 2g is very similar. All three compounds are predominantly, or fully, high-spin at room temperature and remain so on cooling. The observed decrease in  M T for those compounds at lower temperatures is mostly caused by zero field splitting (ZFS), which is large for high-spin cobalt(II) 20 complexes. 39 Although their lower  M T values imply that a fraction (<20 %) of the cobalt sites in 2a and 2d may be undergoing gradual thermal spin-crossover at lower temperatures, that cannot be reliably deconvoluted from ZFS effects in these data. In contrast 2b, 2c and 2f are low-spin at low temperatures, 25 although 2f retains a residual high-spin fraction of ca. 10 %. A gradual increase in  M T for 2b and 2f above 200 K and 100 K, respectively, probably reflects the onset of gradual spin-crossover on warming. 7 Unusually, the data for 2f contain a small anomaly near 265 K, which shows thermal hysteresis when scanned in 30 warming and cooling mode (Fig. 3) Hence 2a-2g all contain a measurable low-spin population at that temperature, although the susceptibility data imply that this should only be a minor fraction of some of the compounds (Fig. 3) . The best resolved spectra are for 2d and 2g, whose S = 1 /2 centres are diluted within the predominantly high- 50 spin materials. Warming the samples usually caused significant broadening of these EPR peaks, to the extent that some of the compounds are EPR-silent at room temperature (ESI †). Such strong line-broadening on warming is consistent with partial, or complete, spin-crossover involving these S = 1 /2 cobalt sites.
33,41 55 The exceptions to the above generalisation are 2c and 2d, whose powder EPR spectra retain their narrow linewidths at room temperature (ESI †). That implies the low-spin fraction of those samples remains low-spin on warming. That is consistent with the susceptibility data for 2c, which is low-spin between 5-300 K 60 ( Fig. 3 ). For 2d, this behaviour implies that the low-spin fraction may occupy a separate, minor contaminent phase of that predominantly high-spin material. Taken together, the susceptibility and EPR data show that solid 2a and 2g are predominantly high-spin, but with small 65 fractions of the samples undergoing spin-crossover on cooling; 2d is essentially high-spin but with a minor low-spin population, possibly in a separate phase of that material; 2c is low-spin; and, 2b and 2f are fully or predominantly low-spin at low-temperature, but show the onset of spin-crossover on warming. Apparent 70 inconsistencies between the susceptibility and EPR data, including the temperature-invariant low-spin content of 2d and the residual high-spin fraction of 2f below 100 K, may reflect the presence of both crystalline and amorphous material in those sampels which may show different spin-state properties. In that within the iron and cobalt series is broadly similar (ESI †). In particular, the most nitrogen-rich complexes 1c and 1e, and 2c and 2e, have the highest oxidation potentials; and, hydroxylation 2+ and 2f makes E ½ more cathodic compared to their unhydroxylated congeners, by ca. 0.15 V for M = Fe and 0.10 V when M = Co. 44, 45 In addition to these oxidations, the complexes show up to four complexes in solution (see above). Otherwise, the data indicate that hydroxylation of the ligand pyridyl donors substantially reduces the kinetic stability of the reduced complexes.
Spectroscopic and theoretical studies have proven that the first two reductions shown by [Fe(terpy) 2 ] 2+ are ligand-based, yielding 30 [Fe(terpy)(terpy
46 If the same is true for 1a-1g, then increasing the nitrogen content in the coordinated ligand heterocycles makes them significantly easier to reduce, by up to 0.6 V based on the first reduction potential. That is consistent with the increased electron deficiency of heterocycles 35 containing multiple heteroatoms.
The first reduction of [Co(terpy) 2 ]
2+ is ca. 0.5 V more anodic than for its iron analogue (Table 3) , and has been ascribed to a cobalt(II)/(I) process. 
-, are also consistently more negative than for the corresponding iron-based ligand reductions by 0.34-0.38 10 V, and 0.50-0.64 V, respectively (Table 3) . That is consistent with the effects of increased back donation from the electron-rich cobalt(I) ion into the ligand -system. In contrast, the first, irreversible reduction potentials for 2f and 2g are much closer to those of 1f and 1g, and so are more likely to correspond to ligand-15 based reductions.
There is a good correlation within the iron and cobalt series between their oxidation potentials and E L , the sum of Lever's additive E L electrochemical parameters 49, 50 for the parent heterocycles present in the ligands (Table 3 and ESI †). These 20 were calculated using the E L values for pyridine (0.25), 4-hydroxypyridine (estimated at 0.21, ESI †), pyrimidine (0.29) and pyrazine (0.33). 50 No E L parameter for 1,2,4-triazine is available, so 1e and 2e were not included in the analysis. Reasonable correlations of E vs. E L are also observed for the first reductions 25 shown by both series of complexes, 49 although there is more scatter in those plots than for the oxidation potentials (ESI †).
There is also a weaker relationship between the oxidations and first reductions, and pK a (Table 3 and ESI †). This is the sum of the basic pK a s of the different ligand donor groups in each 51 Since M-L -bonding in divalent first-row transition metal complexes is weak, the electron-richness of the complexes should correlate with the -basicity of the coordinated heterocycles. While there is 35 more scatter on the E vs. pK a plots than for the E L correlations, this is significantly more pronounced for the cobalt reduction waves than for the other processes examined (ESI †). That tentatively supports the above suggestion, that some of the reductions in the cobalt series may be metal centred, and others 40 ligand-centred. The voltammograms of the hydroxylated iron complexes 50 were also measured in the presence of 1 or 2 equiv of NBu 4 2 ] 2+ in their electronic structures, by magnetic susceptibility, UV/vis and (for the cobalt compounds) EPR spectroscopic data. The spin-state behaviour of the cobalt complexes is not always well defined, which may be because the majority of the solid compounds are mixtures of crystalline and 65 amorphous material. However, one observation that can be made is that the pyrazine-rich complexes 2b, 2c and 2f are all predominantly, or fully, low-spin state in the solid state. That is counterintuitive, since the low basic pK a of a pyrazinyl group implies it should exert a weaker ligand field on a coordinated 70 metal ion (see above). However, it is consistent with previous observations that pyrazine-containing ligands also favour the low-spin state in iron(II) complexes. 52 The pyrimidinyl donors in 2d and 2f do not have a comparable effect on the cobalt centre, since those complexes are high-spin. 75 Increasing the nitrogen content of the ligands generally shifts the metal oxidation, and metal-or ligand-based reduction, potentials of their complexes to more positive values. This is in line with predictions made on the basis of Lever's E L parameters for the donor groups present in each complex. The particularly weak dative covalent bonding capability of triazinyl donors in L 5 explains the greater lability of 1e and 2e in solution compared to the other complexes. This is evident in their ES mass spectra, in the NMR spectrum of 2e, and in the poor voltammetric reversibility of their oxidation and reduction 85 processes. It is interesting, however, that the oxidation potentials of 1e and 2e are both ca. 0.4 V more positive than for analogous complexes of an L 5 derivative bearing ethyl substitutents at the triazine rings. 48 Clearly the electronic structure of the triazine rings in L 5 is very sensitive to substitution.
90
Previous work has demonstrated that incorporation of diazine or triazine heterocyclic donors into the [Ru(terpy) 2 ] 2+ framework significantly enhances its fluorescence lifetime.
14 Preliminary data have shown that the ruthenium(II) complexes of L 1 -L 7 also show stronger fluorescent emission than [Ru(terpy) 2 ] 2+ in solution 95 at room temperature. We are currently studying this in more detail, and will report these results separately.
Experimental
Unless otherwise stated, all reactions were carried out in air using as-supplied AR-grade solvents. 158.1 and 158.9 (both 2C, 2C, Pym C 2 + C 6 ).
Synthesis of 2,6-di(1,2,4-triazin-3-yl)pyridine (L 5 ). Hydrazine monohydrate (5 cm
3 ) was added to a flask containing 2,6-dicyanopyridine (0.98 g, 7.6 mmol) in ethanol (15 cm 3 Synthesis of 2,6-di(pyrazinyl)pyrid-4-one (L 6 ). To a sodium hydride suspension (60% dispersion in mineral oil, 1.7 g) in 1,2-dimethoxyethane (50 cm 3 ) under N 2 was added methyl-2-pyrazine carboxylate (3.4 g, 24.6 mmol) and acetone (0.52 g, 9.0 mmol) which caused immediate effervescence. After stirring for 110 30 mins, the dark red solution was refluxed at 110°C for 6 hrs, cooled to room temperature and the volatiles removed in vacuo. Water (100 cm 3 ) was added dropwise to the residue yielding a red/orange suspension. Following filtration through celite, the solution was neutralised with dilute hydrochloric acid which 115 afforded a light orange precipitate. The solid 1,5-di(pyrazinyl)pentane-1,3,5-trione was collected by filtration and dried in vacuo. Yield 0. 53 13 C NMR spectrum to be recorded. 55 (1a-1g and  2a-2g) . The following method, which describes the synthesis of 1a, was followed for all these compounds using the appropriate ligand and metal salt. 
Synthesis of the iron(II) and cobalt(II) complexes

Single crystal X-ray structure determinations
All the single crystals in this work were grown by slow diffusion 50 of diethyl ether vapour into nitromethane solutions of the compounds. Diffraction data were measured using a Bruker X8 Apex diffractometer fitted with an Oxford Cryostream low temperature device, using graphite-monochromated Mo-K  radiation ( = 0.71073 Å) generated by a rotating anode. 55 Experimental details of the structure determinations in this study are given in Table 5 . All the structures were solved by direct methods (SHELXS97 54 ) , and developed by full least-squares refinement on F 2 (SHELXL97 54 ). Crystallographic figures were prepared using X-SEED, 55 which incorporates POVRAY. atoms of the nitromethane molecule were also disordered over two equally occupied orientations, which were modelled without restraints. Only the fully-occupied non-H atoms were refined 4 -ions in the asymmetric unit, and two of the three nitromethane molecules, are disordered. 10 The disordered anion was refined over two orientations, with refined occupancies of 0.56:0.44. The refined restraints B-F = 1.39 (2) orientations. This was modelled using the refined restraints B-F = 1.39(2) and F...F = 2.27(2) Å. All non-H atoms in the model were refined anisotropically, and H atoms were placed in calculated positions and refined using a riding model.
45
Other measurements Elemental microanalyses were performed by the University of Leeds School of Chemistry microanalytical service. Infra-red spectra were obtained as nujol mulls pressed between NaCl windows between 600-4,000 cm -1 , using a Nicolet Avatar 360 50 spectrophotometer. Electrospray mass spectra (ES MS) were obtained on a Waters ZQ4000 spectrometer, from MeCN feed solutions. All mass peaks have the correct isotopic distributions for the proposed assignments. UV/vis/NIR spectra were run on a Perkin Elmer Lambda900 55 spectrophotometer using 1 cm quartz cells. X-band EPR spectra were obtained using a Bruker EMX spectrometer fitted with an ER4119HS resonator and ER4131VT cryostat. EPR spectra were simulated using Bruker SimFonia. X-ray powder diffraction measurements employed a Bruker D8 60 diffractometer, using Cu-K  radiation. Samples were measured from 5 ≤ 2 ≤ 50º in 0.0331º increments, using fixed slits. Powder pattern simulations were performed suing the Lazy Pulverix routine in X-SEED. 55 Magnetic susceptibility measurements were performed on a 65
Quantum Design SQUID magnetometer, in an applied field of 1000 G. A diamagnetic correction for the sample was estimated from Pascal's constants; 58 a diamagnetic correction for the sample holder was also applied to the data. The variable temperature data were also validated by comparison 70 with room temperature magnetic moments, measured independently on a Sherwood Scientific susceptibility balance.
Electrochemical measurements were carried out using an Autolab PGSTAT20 voltammetric analyser, under an argon 75 atmosphere, in predried CH 3 
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Figure S1
. Partial packing diagram for 1a·MeNO 2 . The view is perpendicular to the (100) crystal plane, and only one orientation of the disordered anion and solvent residues is shown. Displacement ellipsoids are at the 50 % probability level except for the BF 4 -ions and nirtomethane molecules, which have been de-emphasised for clarity. Colour code: C, white; H, grey; B, pink; F, cyan; Fe, green; N, blue; O, red. Figure S2 . Partial packing diagram for 1d·3MeNO 2 . The view is perpendicular to the (100) crystal plane, and only one orientation of the disordered anion and solvent residues is shown. Displacement ellipsoids are at the 50 % probability level except for the BF 4 -ions and nirtomethane molecules, which have been de-emphasised for clarity. Colour code: C, white; H, grey; B, pink; F, cyan; Fe, green; N, blue; O, red. Figure S3 . Partial packing diagram for 2b. The view is perpendicular to the (100) crystal plane, and only one of the two BF 4 -environments in each anion site is shown. Displacement ellipsoids are at the 50 % probability level except for the BF 4 -ions which have been de-emphasised for clarity. Colour code: C, white; H, grey; B, pink; Co, green; F, cyan; N, blue. There are no intermolecular - interactions in the structures of 1d·3MeNO 2 and 2d. Figure S5 . Selected X-ray powder diffraction data from cobalt complexes in this work. Simulations based on the single crystal X-ray structures of 2b and 2d are shown in red. b Some evidence for hyperfine coupling is apparent in the parallel region of this spectrum, but the lines were too broad to simulate accurately. 5 The best resolved low-temprature spectra are shown by 2d and 2g, which also have the smallest lowspin populations at 120 K (Table S1 ). Thus, those two samples have the most magnetically dilute S = 1 /2 cobalt centres, at a temperature where dipolar relaxation by the remainder S = 3 /2 cobalt sites is weak. The narrow linewidth and high resolution of the spectrum of 2d at 290 K contrasts with most of the other compounds in this work. A similar lack of line-broadening is also shown by 2c at higher 5 temperatures, although its spectrum is not so well resolved (Fig. S1 ). Solid 2c and 2d are predominantly low-spin, and high-spin, respectively at room temperature (Table S1 , and Fig. 3 of the main paper).
The behaviour of 2g at higher temperatures is typical of the other seven complexes studied. Correlations between E ½ and E L [7] for the oxidation (top) and first reduction (bottom) processes shown by the complexes: (•) iron oxidation; (○) cobalt oxidation; (■) iron reduction; (□) cobalt reduction. Ep a or Ep c peak potentials are plotted for irreversible processes, but this has only a small effect on the scatter in the graphs. These data are listed in Table 3 of the main article. 5 The E L value for 4-hydroxypyridine employed in this analysis (0.21) is an estimated one, based on the published value of 4-(dimethylamino)pyridine (E L = -0.19 [8] ) and the  p Hammett parameters for dimethylamino and hydroxy substituents, which are known to correlate with E ½ in [M(terpy) 2 ] 2+ derivatives (M 2+ = Fe 2+ , Co 2+ and Ru 2+ ). [9] The complexes 1e and 2e are omitted from these graphs, because no E L value for 1,2,4-triazine is available. Figure S12 . Correlations between E ½ and pK a for the oxidation (top) and first reduction (bottom) processes shown by the complexes: (•) iron oxidation; (○) cobalt oxidation; (■) iron reduction; (□ and ) cobalt reduction. Ep a or Ep c peak potentials are plotted for irreversible processes, but this has only a small effect on the scatter in the graphs. These data are listed in Table 3 of the main article. 5 The graphs are plotted to the same vertical scale as in Fig. S6 , to aid comparison.
There is more scatter on the cobalt reduction plot than for the other processes in the Figure. The grey data points are the cobalt complexes of the hydroxylated ligands terpyOH, L 6 and L 7 which all show lower than expected E values compared to the other complexes in that series. That tentatively supports the suggestion in the main article that, among the cobalt reductions, the white data points are metal-based reductions while the grey data points may be ligand-based. Table 4 of the main article.
